Introduction {#Sec1}
============

It is now inarguably established that the seasonal mean and the nature of rainfall patterns in different spatial and temporal scales are changing^[@CR1]--[@CR10]^, and that anthropogenic attribution to these changes is beyond a reasonable doubt^[@CR11]^. Recently it has been shown that the intensity of the northward-propagating LF-ISO^[@CR12],\ [@CR13]^ has undergone a weakening, with a significant increase in the percentage of short space-time scale extreme rainfall events, especially during the break phase over central India (CI)^[@CR5]^. The changes in ISO are possibly associated with the alteration in the frequency, duration and intensity of the active and break phases^[@CR14]^. However, there are still uncertainties on how the changes in short-lived extreme rainfall events translate to the changes in seasonal mean and LF-ISO. More generally, the question is whether we can associate the changes in short spatiotemporal extreme events with the changes in low-frequency variability and seasonal mean. Many researchers have attempted to understand the weakening of the monsoon, mainly in terms of large-scale circulation changes and anthropogenic activities^[@CR7],\ [@CR9],\ [@CR15],\ [@CR16]^. Few studies also documented the role of changes in land use and land cover in weakening of Indian summer monsoon rainfall^[@CR17],\ [@CR18]^. However, the changes in extreme rainfall events and their effects on the mean monsoon rainfall has not yet been put under the microscope. Here, we present observational evidences and model results to show how large-scale monsoonal flows and rhythmic ISO can be affected by the increase in sporadic extreme events.

Using multichannel singular spectrum analysis (MSSA)^[@CR5],\ [@CR12],\ [@CR19]^, we filtered LF-ISO (20--60 day mode) from the daily gridded rainfall data (1° × 1°) from the India Meteorological Department (IMD) (<http://www.imd.gov.in/advertisements/20160219_advt_12.pdf>) for the period 1951--2013^[@CR20]^. Based on the phases of the oscillatory signal, actives and breaks were identified over CI^[@CR5],\ [@CR12]^ (see Methods for details). Using the 99.5^th^ percentile value for May--October rainfall for the entire period at each gridpoint as the threshold, we defined extreme rainfall events over the Indian region^[@CR5]^. The threshold for the extreme events at each point are chosen in such a way that the values over CI are consistent with the previous studies^[@CR1],\ [@CR5]^.

We attempted to mimic the scenario of increased extreme rainfall events over CI using the atmospheric component of a global climate model (GCM) and understand how it affects the seasonal mean and variability of the LF-ISO. We performed two experiments: (1) control experiment (CE) and (2) heating experiment (HE). The CE is the default simulation for ten years. In the HE, we prescribed heating in the atmosphere over CI in such a way that it simulates the conditions for increased extreme rainfall events, with dominant relative increase in the break phase. The heating profile and its space-time distribution were obtained from the analysis of extreme rainfall events over CI using observational/reanalysis data. Such impulsive short space-time scale atmospheric heating in the model destabilizes the atmosphere within a very short period and makes it conducive for convective processes (see Methods for model details and supplementary information (SI) for experimental design). We started the model HE every June 1^*st*^, using the restart files from the CE. Each simulation, then, continues for 5 months and ends on October 31^*st*^. These short simulations were necessary because after the heating was imposed in the model, the HE deviated from the CE and if we integrated long enough, the oscillatory signals might go entirely out-of-phase in two simulations. The experiment is carried out for ten years to rule out the possibility that the changes observed could be outcome of internal variability. Here, we present the results obtained from observational analysis and numerical simulations on how change in the number of extreme rainfall events is associated with the changes in LF-ISO and the seasonal mean rainfall.

Results {#Sec2}
=======

Observational analysis suggests that the number of extreme rainfall events over CI has significantly increased in the post-1980 (1981--2010; post80) period compared to the pre-1980 (1951--1980; pre80) era during the months from June--September (JJAS), with the dominant change observed in the break phase (Fig. [1a](#Fig1){ref-type="fig"})^[@CR5]^. The JJAS seasonal mean rainfall also shows a significant decrease in recent times over the CI region (Fig. [1c](#Fig1){ref-type="fig"}).Figure 1Changes in extreme events and daily climatology during JJAS. (**a**) Relative changes in the occurrences of extreme events over CI in model and observations during monsoon season, and active and break phases. Change in daily climatology in (**b**) Model (HE--CE) and (**c**) Observations (post80--pre80), during JJAS months. Units are in *mm*/*day*. Asterisks in (**a**) and hatched regions in (**b**) and (**c**) indicate places where the changes are significant at 10% level (using t-test). Rectangles in (**b**) and (**c**) mark the central Indian (CI) region (16.5°N to 26.5°N, 74.5°E to 86.5°E). Figure (**a**) is generated using MATLAB R2015a (<https://in.mathworks.com/products/new_products/release2015a.html>). Figures (**b**) and (**c**) are generated using NCAR Command Language 6.3.0 (<http://www.ncl.ucar.edu/>).

In the model, we attempted to simulate similar scenario of increased extreme events during the break phase. To do so, heating was prescribed primarily during the break phase of the LF-ISO cycle, as per the data obtained from the CE (Fig. [1a](#Fig1){ref-type="fig"}). In fact, to focus on the importance extreme events during break phase, we increased the number of extreme events in the HE breaks higher than that in observations. Consistent with the observational studies, the JJAS seasonal mean rainfall over most of the Indian land region including CI and also over the Bay of Bengal (BoB) and the northern Arabian Sea (AS) has significantly reduced in the HE as compared to the CE (Fig. [1b](#Fig1){ref-type="fig"}). This, with the increase in rainfall over the equatorial Indian Ocean (EIO) indicates the weakening of the Hadley cell circulation over the Indian region, which has been documented in a few earlier studies^[@CR7],\ [@CR21],\ [@CR22]^. Along with an increase in extreme rain events, we observe a decrease in moderate rain events over the CI region, which matches with the observational studies^[@CR1]^ (SI).

Naturally, the question arises as to how the changes in short space-time scale extreme events in the break phase over CI alter the seasonal mean rainfall? A simplistic approach to answer this question would be to look into how the increased extreme events affect the active-break cycle. Consistent with the weakening of the LF-ISO variability documented in an earlier study^[@CR5]^, the model experiments show a marked difference in the post80 as compared to pre80 values (Fig. [2a](#Fig2){ref-type="fig"}). The reduction in LF-ISO variance is not only confined over CI but is spread across India (Fig. [2b and c](#Fig2){ref-type="fig"}). The reduction is also observed over the northern BoB and AS where the seasonal mean rainfall has reduced in the model. The changes in the equatorial region are not significant, even though a weak increase is observed over the central equatorial Indian Ocean (CEIO). This indicates that the intensity in the 20--60 day scale has lessened, which can be a manifestation of either disrupted break phases (increased extreme events) or less intense active spells. However it is paradoxical how increased rainfall during breaks, in terms of extreme events, cause decrease seasonal mean rainfall. We hypothesise that the increase in irregular extreme rainfall events, with highest relative increase in breaks, modulates the rainfall in the active phases. This, in turn, engenders the reduction in seasonal mean rainfall over CI.Figure 2Change in strength of low-frequency ISO mode. (**a**) Explained variance of LF-ISO over central India from model (CE and HE) and observations (pre80 and post80). Both for model and observations, changes in mean are significant at 5% level (using t-test). Change in spatial distribution in the percentage of the variance explained (to the total rainfall) by LF-ISO from (**b**) Model and (**c**) Observations, during JJAS months. Hatched regions indicate regions where the changes are significant at 10% level (using t-test). Figure (**a**) is generated using MATLAB R2015a (<https://in.mathworks.com/products/new_products/release2015a.html>). Figures (**b**) and (**c**) are generated using NCAR Command Language 6.3.0 (<http://www.ncl.ucar.edu/>).

The hypothesis we made that increased extreme rainfall events in breaks can attenuate the rainfall in the active phase is justified by the fact that in both observations and model experiments, the total rainfall in the active phase over CI has reduced significantly in recent times (SI). The most pronounced changes are seen over the adjacent oceanic regions compared to land in the model. Furthermore equatorial rainfall during the active phase as well the break phase has increased, which is in agreement with the increase in seasonal mean rainfall over the EIO. We also noted that the change in the seasonal mean as well as the active phase rainfall shows a dipole structure over India: increase over the north-eastern region and decrease over CI. This is again consistent with the model results and matches with previous observational studies^[@CR10]^.

It is now important to understand the factors that might have played a role in the reduction of rainfall in active phase, and contributed to the decreased intensity of LF-ISO and seasonal mean over CI. In other words, we need to understand what triggers large-scale convection over CI and how it has changed. We noticed that in the break--active transition phase (trans(B--A)), a strong positive anomalous geopotential high is formed over the central Asian region (Fig. [3a](#Fig3){ref-type="fig"}). This anomalous high is associated with a strong easterly vertical shear over the Indian region^[@CR23]^. Some studies have suggested that the easterly vertical shear destabilizes the Rossby waves over the equatorial region^[@CR23],\ [@CR24]^. The presence of boundary layer friction provides available potential energy, which further increases the moist Rossby wave instability^[@CR25]^. These effects generate convective activity over the region^[@CR23],\ [@CR25]^. Typically, the establishment of anomalous high leads to the generation of convection within 4--5 days (as it is the typical length of a break--active transition before the establishment of an active phase over CI). The area-averaged vertical shear of zonal winds over northern India shows significant weakening during all the phases in observation (Fig. [3d](#Fig3){ref-type="fig"}), with the maximum change seen in the trans (B--A) phase. Similarly, a significant change in the vertical shear was also observed in the model (Fig. [3c](#Fig3){ref-type="fig"}). Significant changes in the magnitude of anomalous geopotential high was also observed (Fig. [3b](#Fig3){ref-type="fig"}), possibly implying a shift in the phase of the Rossby wave. This reduction in shear plays a crucial role in the reduction in the amount of rainfall in the following active phase as the Rossby wave instability is weaker in the HE, as discussed earlier. Hence, we conclude that weakening of the easterly vertical shear in the trans(B--A) phase affects the following active phase by lessening the favourable conditions for the growth of instability and generation of convection over the CI region.Figure 3Possible mechanism for change in rainfall. Anomalous geopotential height at 200hPa during (**a**) break, transition (break-active), and active phases in the CE. (**b**) Same as (**a**) but for HE--CE, showing the change in HE compared to CE. Change in vertical wind shear (*U* ~200*hPa*~ − *U* ~850*hPa*~) averaged over the northern Indian region (20°N to 35°N and 65°E to 95°E) in different phases (break, transition (break-to-active), active, and transition (active-to-break), respectively) from (**c**) Model and (**d**) Observations. Change in VMS over the CI region in different phases from (**e**) Model and (**f**) Observations. Observational analysis here is done using NCEP-NCAR Reanalysis-1^[@CR35]^ data. Trend in global mean temperature is subtracted before calculating VMS. Units are in *m* for geopotential height, *m*/*s* for wind shear, and *kJ*/*kg* for VMS. Dotted regions in (**b**) and asterisks in (**c**--**f**) indicate where the changes are significant at 10% level (using t-test). 'A' and 'C' in (**a**) and (**b**) indicate the anticyclonic and cyclonic structures of winds at upper troposphere, respectively. Figures are generated using NCAR Command Language 6.3.0 (<http://www.ncl.ucar.edu/>).

Large-scale convection is associated with stability of the atmosphere, which can be measured by vertical moist stability (VMS). VMS is defined as the difference between the column integrated moist static energy (MSE) of the upper and the lower troposphere. It provides a necessary condition for the formation of deep convective clouds^[@CR26],\ [@CR27]^. We found that during the active phase, the VMS over CI has significantly increased in the HE as compared to the CE, making the atmosphere more stable. This is consistent with the substantial decrease in the active phase rainfall. The increase in VMS is also observed in the break and trans(B--A) phases. In agreement with the decrease in rainfall, the JJAS mean VMS shows an increase over CI, the northern BoB and AS (SI). On examining the dry static energy and comparing it with MSE, we found that moisture plays the dominant role in this change in stability (SI). We note that the magnitude of changes seen in different phases are slightly different in model and observation. This is possibly because of (1) using reanalysis datasets for composites based on ISO phases defined by the IMD rainfall data and (2) influence of many other factors, including rising sea surface temperature (SST) in observations. However, the model captures the changes in the large-scale spatial patterns quite well (not shown).

Conclusions and Discussion {#Sec3}
==========================

Using observational analysis and numerical modeling simulations, our study presents evidences that sporadic extreme rainfall events affect the low-frequency intraseasonal quasi-rhythmic nature of rainfall and seasonal mean during the monsoon over India by changing the vertical shear of zonal winds and the stability of the atmosphere (Fig. [4](#Fig4){ref-type="fig"}). Increased extreme events not only decreased the daily mean rainfall during the active phase, but also reduced the total number of active days in the HE (SI). This with the increase in total break days indicate that the LF-ISO rhythm has changed in both magnitude and phase. A similar analysis was also performed with the high-frequency intraseasonal mode (10--20 day), but we did not find any change in the intensity of this mode in recent decades (SI), which is consistent with a previous study^[@CR5]^.Figure 4Mechanism in a flowchart. Flowchart for the mechanism of the decrease in seasonal mean and low-frequency intraseasonal variability strength over India. Increased extreme rainfall events in the break phases weakens the easterly vertical shear over the northern Indian region. This weakens the instability over the region, causing the lesser convective activity in subsequent active phase. This fact is supported by the the fact that the stability over CI has increased when we have more extreme events, especially during breaks. Weaker vertical shear creates favourable conditions for the growth of deep convective storms, providing a feedback in process. Since majority of the seasonal mean rainfall occurs during the active phase, this decrease in active phase rainfall decreases the seasonal mean. Reduction in active phase rainfall also incapacitates variability in low-frequency intraseasonal scale, which in turn, weakens the LF-ISO intensity. Figure is generated using Microsoft Powerpoint 2010 (<https://products.office.com/en-us/microsoft-powerpoint-2010>).

The decrease in vertical shear can also provide favourable conditions for the growth of deep convective storms over the region, thus providing a feedback in the increase of extreme rainfall events. However, the linkage between deep convective storms and extreme rainfall events is still a mystery^[@CR28]^, and the response of extreme rainfall events to the change in vertical shear needs to be understood clearly. We also found that monsoonal rainfall over the Sahel region and east Asia have increased in the HE compared to the CE (SI). The increase in rainfall in recent decades over these regions has been documented in several observational studies and Coupled Model Intercomparison Project (CMIP5) future projections^[@CR29],\ [@CR30]^, but there is no consensus on the causes.

We also note that reanalysis datasets shows significant weakening of easterly vertical shear in all the phases of LF-ISO. This reflects the fact of weakening of the June--September mean easterly vertical shear^[@CR5]^. This can be an outcome of weakening of the tropical easterly jet (TEJ)^[@CR31]^. Which is again attributed to the decreasing trend in the upper tropospheric meridional temperature gradient over the region. Still, the maximum change in the shear is observed in the trans(B--A), which might be instrumental in trigering convection. However, we have not incorporated these changes (and any other that influences the TEJ) in the model. More specific modeling studies might be required to address these issues in the context of extreme rain events and ISOs.

It has been documented in few studies that the seasonal mean rainfall may increase in future under the impact of enhanced anthropogenic greenhouse gas (GHG) emissions^[@CR9],\ [@CR32]^. Enhanced moisture may play a role in this increase, however, weakened large-scale circulation over the south Asian region can neutralize this effect in some extent. Also, the aerosols can have a significant impact on the monsoon rainfall over India^[@CR33]^. Regional aerosol heating can have large impact on the phase of upper tropospheric Rossby wave in pre-monsoon season^[@CR27]^. It was also shown that the rainfall intensity can change the aerosol concentration over India, which can lead to the changes in cloud properties^[@CR34]^. Therefore, the aerosols can modulate the LF-ISO cycle over India. In this paper, we neither have incorporated changes in greenhouse gas emissions nor aerosol forcings. Our experimental design is completely focused on understanding the changes in mean and intraseasonal variability in monsoon rainfall, to an increase in the number of extreme events. Therefore, the effects of increased GHG or altered aerosol forcings are not present in our simulations.

Since our intention is not to represent the actual scenario of the changing nature of monsoon while prescribing atmospheric heating, present-day SST was incorporated in the model in order to isolate the direct effects of extreme rainfall events on the monsoonal flow. In fact, we used monthly varying climatological SST in our simulations to remove interannual effects from SST. We note that ISO intensity shows significant correlation with SST over various regions in an interannual timescale^[@CR13]^. Coupled model simulations can be done at a later stage to understand how the processes like air-sea interaction may change if extreme rainfall events are increased. We do not provide answers as to why extreme rainfall events have increased over India. Rather, our modeling experiments establish how the seasonal mean and intraseasonal behaviour would change if the number of extreme rainfall events increase. The attribution of extreme rainfall events to climatic/anthropogenic factors is a different problem to be dealt with and requires meticulous modeling studies. Numerical models for monsoon prediction must simulate extreme events realistically in order to improve their skill in all time-scales.

Methods {#Sec4}
=======

Observational data {#Sec5}
------------------

We used the IMD gridded rainfall data from 1951--2013 for the observational studies on rainfall variability^[@CR20]^. We also used the National Centers for Environmental Prediction--National Center for Atmospheric Research (NCEP--NCAR) Reanalysis-1^[@CR35]^ zonal wind, temperature, specific humidity and geopotential height datasets for calculation of vertical shear and VMS over the Indian region (<https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html>).

Extraction of intraseasonal modes from rainfall data {#Sec6}
----------------------------------------------------

The daily rainfall data (May--October) from model and observation were used for extraction of intraseasonal modes. The daily climatology was removed from the respective datasets to obtain the anomalies. A 5-day moving mean was applied to eliminate very high-frequency variability. Then the 184-day long data (for each year) was feed into the MSSA algorithm, with a window-length of 60 days^[@CR19]^. MSSA is a very useful data-adaptive technique to analyze the spatiotemporal behaviour of short and noisy timeseries and has been used quite frequently in climatic applications and monsoon variability studies^[@CR5],\ [@CR12],\ [@CR36]^. Using MSSA, we reconstructed low- (20--60 day) and high-frequency (10--20 day) modes from the rainfall anomaly data. Based on the phase angle of the oscillatory modes we defined the active, break and transition phases of low-frequency ISV over CI. We note that, longer data (May--October; 184-days) were required for the ISO modes extraction using MSSA. However, subsequent analysis are all done using June--September data. We refer to an earlier work for the detailed methodology for the extraction of intraseasonal modes and active-break cycle^[@CR12]^. Although the number of active and break days are higher than that identified in previous studies)^[@CR37]^, the phases we found are in quite good agreement with theirs (see SI).

Choice of model and configuration {#Sec7}
---------------------------------

We used the Community Earth System Model version 1.2 (CESM1.2)^[@CR38]^, developed at the NCAR (<http://www.cesm.ucar.edu/models/cesm1.2/>) in our study. This is the latest version of the model at present and is widely used in understanding the climate over different regions of the world. CESM is basically a coupled climate model composed of several components that simultaneously simulate the Earth's atmosphere, ocean, land, land-ice and sea-ice; it also has a central coupler component. In our study, we do not involve the active ocean component since our goal was to understand the association of ISV with extreme rainfall events over the Indian region. We prescribed monthly-varying climatological SST (data ocean (DOCN)) and sea-ice (1982--2001)^[@CR39]^, while keeping the atmospheric and land components active. The atmospheric and land components of this model are Community Atmosphere Model version 5 (CAM5) and Community Land Model version 4.0 (CLM4), respectively. We set the initial conditions as the values in the present day; values of aerosols, carbon dioxide and other greenhouse gases were set to the present day levels. In summary, we used active atmosphere (CAM5), land (CLM4), and river transport model (RTM) with stub glacier and prescribed data ocean (DOCN) and sea-ice. The atmosphere, land, sea-ice and data ocean components communicated through the coupler every 30 minutes. We used a horizontal resolution of finite volume 0.9° × 1.25° in atmosphere component (the land model also has the similar horizontal grid) for our analysis. The vertical coordinate of the atmosphere is a hybrid sigma-pressure system, where the upper regions of the atmosphere are discretized by pressure only and the lower levels are given by sigma vertical coordinate. There are 30 vertical levels in the atmosphere model. A survey on how monsoon rainfall and ISOs are captured in CESM is given in the SI. The details of the model experiments are also provided in the SI.
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